The Kyoto Protocol includes agroforestry practices as a suggested approach for mitigating global atmospheric CO 2 . Agroforestry systems are a desirable option for mitigating atmospheric CO 2 , as they provide numerous secondary benefits, including food, fodder, fuel, increased farm income, biodiversity maintenance, and soil conservation. This research was planned to assess the current carbon storage status and future potential of agroforestry systems in Pakistan through a nondestructive approach (allometric equations) in 14 subdivisions (tehsils) of three selected districts located in the irrigated plains of Punjab, Pakistan. A total of 1750 plots of 0.405 ha each were selected in a randomized, unbiased sampling to estimate the total number of trees, tree species diversity, diameters at breast height (DBHs), and tree heights. Soil carbon was also measured at 0-30 cm using the Walkley-Black method in a subset of plots. It was found that the current number of trees in farms in the study area varied from 18 to 51 trees/ha, which can be increased to 42-83 trees/ha if all the farmers plant the maximum permissible number of trees along with their crops. The estimated total tree carbon stock ranged from 0.0003 to 8.79 Mgha −1 , with the smallest mean value of 0.39 Mgha −1 for tehsil Faisalabad, and the largest mean value of 1.41 Mgha −1 for tehsil Chiniot. The whole study area had an estimated woody vegetation carbon stock of 950,470 Mg and a soil carbon stock of 22,743,008 Mg. If farmers in the study area all increased tree stocking to their average maximum desired stocking, the total tree carbon stock would more than double to 2,497,261 Mg. These results highlight both the current and potential carbon sequestration potential of agroforestry in Pakistan and can be further used in devising strategies for implementing tree planting programs on agricultural lands and designing future carbon sequestration projects in Pakistan.
Introduction
Pakistan is a low-income country with a population of 207 million and an average annual growth rate of 2.4% [1] . Agriculture is an important land use, occupying 23.8 million ha out of Pakistan's 79.6 million ha. The irrigated plains agricultural area (14.6 million ha) lies in the valley of the river Indus and its tributaries and is a large geographical subdivision of Pakistan comprising the provinces of Punjab, Sindh, and some parts of Khyber Pakhtunkhwa. However, the agricultural sector is shrinking (−0.19% rate of growth) compared with the rest of the economy (2.53% rate of growth) [2] due to extreme fluctuations in climatic conditions, which threatens food security [3, 4] . These conditions have
Materials and Methods

Study Locations and Sampling Methodology
The study was conducted in three semiarid districts located in the same ecological zone (central irrigated plains) in Punjab province of Pakistan: Chiniot, Faisalabad, and Sargodha ( Figure 1 ). The climatic conditions in all three districts fall within the warm desert climate (BWh) according to the Köppen-Geiger classification. The average annual precipitation is 336 mm in Chiniot, 346 mm in Faisalabad, and 410 mm in Sargodha. The average annual temperatures range from 23.8 • C in Sargodha to 24.2 • C in Faisalabad, with mean minimum and maximum temperatures of approximately 11.9 and 34 • C, respectively, in all the districts. Inventory data were collected from 175 rural union councils and 350 villages from 14 tehsils of the abovementioned districts to estimate both the carbon in biomass and soil. A total of 1750 quadrate plots of 0.405 ha (1 acre) each with agroforestry practices were selected and measured by adopting a lottery method of random sampling. The tehsil and the union council are administrative units of the Pakistan government. The tehsil is the fourth administrative unit, which comes after the district, and comprises a few towns and a large number of union councils, and the union council is the fifth administrative unit after the tehsil and only comprises five to seven villages. 
Above-and Belowground Biomass Carbon Estimation
Field visits for inventory data collection were carried out from March 2014 to September 2016. For each tree within each 0.405 ha plot, the girth at 1.37 m above the ground level (except 30 cm above ground for orange trees) and the terminal height were measured and recorded. Tree ages were determined from interviews with the owner of each plot. Tree biomass was calculated with allometric equations from the literature (Table A1) and corrected for log bias where appropriate. When equations for belowground biomass were not available, belowground biomass was assumed to be 26% of the aboveground biomass [26, 27] . Individual tree biomass was then scaled to biomass per plot, biomass per hectare, and carbon stock per hectare. Carbon content was calculated from biomass by assuming that the dry mass was 48.1% carbon [28] . The relationship between plot-level tree basal area and carbon content was analyzed using linear regression.
Total and Potential Carbon Pools
Total tehsil tree carbon was estimated by multiplying the per hectare carbon from sampled plots by the total area of the tehsil. To estimate the potential tree carbon stock of the study area if additional trees were planted, we used the following formula:
Potential carbon stock = Potential tree density/current tree density × actual carbon stock ha −1 (1) where current tree density (trees ha −1 ) is the average tree density from the field sampling, and potential tree density (trees ha −1 ) is the average maximum desired tree density specified by farmers interviewed in the study area. Within each union council (subdivision of tehsil, as noted previously), if the average maximum desired tree density specified by farmers in interviews was lower than the largest measured plot tree density in that union council, then the measured value was taken as the potential tree density. This approach allowed our estimate of potential tree density to be influenced by both farmers' perceptions as well as the logistical and biophysical limitations reflected in the maximum measured tree density [29, 30] . Uncertainty in our estimates of potential tree density were expressed as the standard deviation of farmers' responses to the question, "What is the maximum tree density that you would plant on your farm?". Standard deviations for potential mean tree C stock and potential tehsil C stock were then scaled appropriately from the SD of potential tree density.
Soil Sampling and Analysis
Soil was sampled in a random subset of plots stratified to represent the major tree and crop combinations. Soil samples were collected at 0-30 cm depth near the base of a randomly selected tree from the four cardinal directions and were mixed to attain a composite sample. A total of 420 samples were collected from the study area and bulk density was measured using a 100 cm 3 stainless-steel cylinder. Samples were stored in polythene bags and analyzed at the University of Agriculture, Faisalabad. After air-drying and passing through a 2 mm sieve, organic carbon was measured using the Walkley-Black method [31] . The values of bulk density, soil depth, and percentage of organic carbon were then multiplied to calculate the soil carbon per hectare [32] . Table 1 summarizes the basic inventory information, namely, diameter at breast height (DBH, cm), height (m), tree age, tree density (ha −1 ), and tree basal area (m 2 ha −1 ) in three districts at the tehsil level. Linear plantation and interplanting agroforestry patterns were seen among whole study area. There was not much variation in values among all parameters. We observed almost similar types of species in all tehsils of the three districts. The major species preferred by farmers for agroforestry were D. sissoo, Populus deltoides W. Bartram ex Marshall, Eucalyptus camaldulensis Dehnh., and Acacia nilotica Delile. D. sissoo was the dominant species in terms of basal area (27% in Chiniot, 26% in Faisalabad, and 19% in Sargodha) compared with all other species. As shown in Figure 2A -C, the district Chiniot had a much higher basal area of P. deltoides (24%), followed by Faisalabad (13%) and Sargodha (11%). Citrus reticulata Blanco was commercially more interplanted along field crops in district Sargodha compared with the other two districts, accounting for 8% of the basal area. Other species, such as Morus alba Sudw., Albizia lebbek (L.) Benth., Azadirachta indica A. Juss., Ziziphus mauritiana Lam., and Melia azedarach L., shared less than 10% of the basal area in all three districts. Tehsil Samundri in district Faisalabad had the maximum mean DBH (11.97 cm) and height (6.68 m) compared with all other tehsils in the three districts. The mean maximum tree age was observed in tehsil Kot Momin (4.43 years) in district Sargodha and the minimum was in tehsil Jhumra (2.97 years) in district Faisalabad. The mean maximum tree density (51.47 trees ha −1 ) was observed for tehsil Kot Momin in district Sargodha, followed by tehsil Lalian (41.14 ha −1 ) in district Chiniot. Tehsil Lalian had maximum mean values of tree basal area (0.68 m 2 ha −1 ) in all three districts, followed by tehsil Chiniot (0.44 m 2 ha −1 ), while all other tehsils had similar basal areas. 
Results
Tree Inventory
Carbon Stocks
Among all three tehsils of district Chiniot, the maximum carbon stock of the farm trees was found in tehsil Lalian, with an average value of 1.41 Mg ha −1 ( Table 2 ). It was estimated that tehsil Lalian had the maximum current total tree and soil carbon stock of 15,886 and 1,799,920 Mg, respectively, followed by tehsil Chiniot (60,567 and 13,52,179 Mg), whereas tehsil Bhawana had the lowest total tree and soil carbon stock (37,802 and 1,077,813 Mg) in district Chiniot. In district Faisalabad, tehsil Jaranwala had the maximum mean tree carbon stock, with an average value of 0.98 Mg ha −1 , followed by tehsils Tandlianwala, Samundri, Jhumra, and Faisalabad. On an area basis, the maximum total tree and soil carbon stock was found in tehsil Jaranwala (1,73,465 and 2,842,199 Mg), while the minimum tree and soil carbon stock was measured in tehsil Jhumra (34,976 and 7,38,350 Mg), respectively (Table 3 ). It was found that in district Sargodha (Table 4) , tehsil Shahpur had the maximum tree carbon stock (5.18 Mg ha −1 ), while tehsil Silanwali had the lowest tree carbon stock (2.14 Mg ha −1 ) among all tehsils. The maximum total estimated tehsil tree and soil carbon stock was found in tehsil Sargodha (2,554,870 Mg), while the minimum was estimated in tehsil Silanwali (1,013,827 Mg). Overall, among all tehsils of the three districts, tehsil Lalian had the greatest tree carbon stock (8.79 Mg ha −1 ), while tehsil Faisalabad had the smallest (0.39 Mg ha −1 ). The total tehsil tree and soil carbon stock was higher in tehsil Jaranwala compared with all other tehsils in the three districts. When summed to the district level, the total estimated tree and soil carbon stocks were 4,487,087 Mg for Chiniot, 9,396,682 Mg for Faisalabad, and 9,952,629 for Sargodha. There was a strong linear relationship between tree carbon stock and tree basal area at the plot level for each of the three districts (R 2 from 0.68 to 0.82, Figure 3) . The slope for the regression relating carbon stock to basal area was lower for district Chiniot compared with those for Faisalabad and Sargodha (p = 0.0002). 
Estimated Potential Carbon Stocks
The potential tree carbon stocks were calculated for all three districts by estimating the stocks that would exist if all farms were planted with the maximum desired tree basal area, as determined from farmer interviews and measurements of maximum observed tree densities. The average per hectare potential tree carbon stock was highest in district Chiniot (2.18 Mg C ha −1 ) compared with districts Faisalabad (1.838 Mg 
The potential tree carbon stocks were calculated for all three districts by estimating the stocks that would exist if all farms were planted with the maximum desired tree basal area, as determined from farmer interviews and measurements of maximum observed tree densities. The average per hectare potential tree carbon stock was highest in district Chiniot (2.18 Mg C ha −1 ) compared with districts Faisalabad (1.838 Mg C ha −1 ) and Sargodha (1.395 Mg C ha −1 ). When scaled by total land area, district Faisalabad had the highest potential tree carbon stock (1,074,050 Mg), followed by districts Sargodha (838,208 Mg) and Chiniot (585,003 Mg), as indicated in Tables 5-7 . These potential tree carbon stocks represented a 127.47% (Chiniot), 149.55% (Faisalabad), and 106.54% (Sargodha) increase relative to current total tree carbon stocks. 
Discussion
This study provides the first assessment of existing and potential carbon pools for agroforestry systems in Pakistan. Although not inherently carbon dense compared to systems such as forests or intensively managed pastures, agroforestry systems provide opportunities to increase carbon storage in agricultural fields by about 20.4 to 21.4 tC ha −1 globally [15] through the incorporation of long-lived, deep-rooted trees [33] . While climatic conditions are homogeneous across the districts we sampled, the amount of carbon sequestered varied because of the distribution of tree species, tree density, tree basal area, and tree age, emphasizing the importance of management decisions in determining carbon stocks. For example, tehsil total mean tree carbon stock was lowest (0.39 Mg ha −1 ) in Faisalabad and highest (1.41 Mg ha −1 ) in Lalian among all tehsils in the three districts. This appears to be related primarily to the level of tree stocking in the districts, with tehsil Lalian having the highest average basal area of all tehsils (0.68 m 2 ha −1 ), and Faisalabad having the lowest tree basal area (0.20 m 2 ha −1 ).
The relationship between tree stocking (as defined by basal area) and total carbon stocks was consistent across all plots sampled, with basal area explaining from 69% to 82% of the variation in plot-level carbon stocks across the three districts (Figure 3) . Similar patterns were reported in other studies [34, 35] . Takimoto et al. [35] noted that traditional agroforestry systems capture and store a higher amount of carbon than developed agroforestry systems or barren lands, principally in light of the fact that traditional systems have older-age trees compared with developed agroforestry systems. The traditional agroforestry system involves cultivation of crops and useful plants under the natural tree canopy with varying structures, functions, socioeconomic attributes, and ecological services. In comparison, improved agroforestry involves selective management of trees with high economic value in association with high-yielding annual and perennial crops. The economics is concerned with looking at how limited resources are best used to create optimal services for rural people [36, 37] . Although tree stocking is central in determining carbon storage in agroforestry systems [21] , tree species choice also can play an important role [17, 33] . This was demonstrated in our data, which showed that the relationship between the total carbon stock and tree basal area differed among the districts (Figure 2 ). District Chiniot, which had a smaller slope for this relationship, had a much higher proportion of P. deltoides than the other two districts. The lower wood density of Populus likely accounted for this difference.
Nair et al. [38] reported that, worldwide, agroforestry systems have a carbon sequestration potential ranging from 0.29 to 15.21 Mg C ha −1 y −1 , depending on factors such as soil properties, species type, tree age, and land management practices. The carbon sequestration potential in our study area ranges from 0.89 (Kot Momin) to 2.84 Mg C ha −1 (Lalian), with an average value of 1.8 Mg C ha −1 . At the district level, increasing the tree density has the potential to increase carbon pools by up to 150%. While the level of uncertainty in these estimates (as quantified by standard deviations of the estimates) is substantial, our estimates represent a critical first step in providing useful information for understanding the potential of these systems to store additional carbon. Importantly, our estimate of potential carbon pools is based not only on the relationships between tree basal area and stored carbon (Figure 3 ) but also on farmer interviews regarding the maximum desirable tree density on farms. As such, our estimate incorporates not only biophysical constraints but also the socioeconomic constraints associated with farmer adoption of cropping changes. For this reason, our estimate represents a likely achievable level of change for Punjab farms. Much previous agroforestry research has involved farm-level agroforestry systems under experimental management, usually with single tree species planted with one or two crops for a defined time [21] . Our study has the advantage of comprehensively and systematically sampling farms from the village level across three districts. Similar types of data collection and biomass estimation were assessed by Murthy et al. [30] from eight villages of two Indian States: Tamilnadu and Karnataka. Pathak et al. [39] described the carbon sequestration rate ranging from 0.02 to 1.2 Mg C ha −1 yr −1 on different cropping patterns in India, which is very similar to our results.
Soil is known as an important subsystem in the agroforestry system to reduce CO 2 in the atmosphere. Nair et al. [12] compared the trend of carbon sequestration in agroforestry and other land use systems and ranked them according to their soil carbon sequestration rate: forests > agroforests > tree plantations > arable crops. Agroforestry systems have higher soil carbon contents, as soil carbon in agroforestry largely depends on the amount and quality of biomass input by tree and non-tree components of the system. Moreover, a greater amount of organic carbon returns to the soil in the form of vegetation detritus and litter from pruning under proper agroforestry management [40, 41] . Along with tree density, several other factors, such as rainfall, temperature, humidity, leaf litter and its decomposition, crop residues, and chemical properties of the litter, influence the rate of soil carbon sequestration in various agroforestry systems [42] . In this study, the average soil carbon pools ranged from 15.06 to 17.20 Mg C ha −1 . Kimaro et al. [43] reported that a greater amount of carbon (21.6-25.6 Mg C ha −1 ) was sequestered by an agroforestry system having Acacia species (leguminous trees) compared with a monocrop system (13 Mg C ha −1 ).
Conclusions
Our intensive sampling in three districts showed that agroforestry systems in Punjab, Pakistan currently store moderate amounts of carbon in plants and soil. Based on farmer willingness to increase tree stocking, the three districts studied have the potential to increase tree carbon storage from 106.54% to 149.55%. Given appropriate incentives, Punjab's farmers could help Pakistan meet her commitments to the Paris Climate Accord through reasonable changes in tree planting on existing agroforestry systems. 
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Appendix A Table A1 . Equations used to estimate biomass for different tree species. Equations are presented transformed appropriately to directly calculate component biomass in kg. In the absence of belowground equations for a species, belowground biomass was assumed to be 26% of aboveground biomass [26] . 
Species
